Antisense regulation of IS10 transposase synthesis is mediated by a small RNA molecule, RNA-OUT which is complementary to the 5' region of the IS10 transposase mRNA, RNA-IN. Pairing between the two species in vivo prevents initiation of RNA-IN translation by steric occlusion of the ribosome binding site. The goal of this work is to develop a mathematical basis for antisense repression in vivo. Thus, by modeling antisense pairing as a bimolecular reaction in vivo, I have developed equations which relate the degree of translation inhibition to a relative pairing rate constant, k, and the in vivo RNA-OUT concentration. Using the methodology developed here, an analysis of mutations in the first three 5' bases of RNA-IN reveals a semi-logarithmic relationship between k and DG, the estimated change in the free energy of pairing. Such correlations are not observed for mutations at other positions, implicating only the first three 5' bases of RNA-IN in the formation of a pairing nucleus with RNA-OUT. Finally, an analysis of mutations that affect antisense action at a post-nucleation step has been undertaken here and a specific model for how these mutations may affect antisense pairing is discussed.
Introduction
Expression of IS10 transposase is controlled at several levels (Kleckner, 1990) . One of these modes of regulation involves antisense pairing of IS10 encoded RNAs. Antisense control is mediated by a small IS10 encoded transcript, RNA-OUT, which upon pairing with RNA-IN, the IS10 transposase mRNA, results in formation of a paired species in vivo leading to inhibition of RNA-IN translation (Simons & Kleckner, 1983; Ma & Simons, 1990) . The magnitude of translation inhibition is strongly dependent upon IS10 copy number in the cell; when IS10 is present in single copy and RNA-OUT expression is low, RNA-IN is inhibited only a few fold, whereas high level expression of RNA-OUT from a multicopy IS10 plasmid inhibits RNA-IN translation up to 500-fold (unpublished data) . The pertinent regions of the RNAs involved and the pairing reaction scheme are depicted in Fig. 1 . RNA-IN has been found to be largely unstructured in the pairing region, whereas RNA-OUT forms a stable stem-loop structure (Kittle et al., 1989) .
A long-term goal in biochemical research is to interpret and explain biological phenomenon in terms of simple models. Thus, for example, many examples of transcriptional repression can be explained qualitatively in terms of interactions between specific operators and repressors. A specialized case of the above kind of analysis is a quantitative description of biological phenomenon using mathematical models. With the present limitations regarding our understanding of the in vivo situation in detail, mathematical models are most successful when the number of interacting species are few and the nature of interactions are relatively simple. An antisense system consisting of complementary RNAs appears to possess the required characteristics for such analyses: in the absence of complications, the number of interacting species should be two, and the interactions between the antisense RNAs are likely to be governed With the assumption that antisense control in vivo can be explained by a kinetic model, I have considered a scheme in which synthesis and functional decay of RNA-IN have been incorporated. Using equations derived herein, this model allows us to predict how changes in the rates of various processes may affect the degree of RNA-IN translational inhibition. The relationship between the degree of translational repression and in vivo RNA-OUT concentration was tested and found to be linear as predicted by this model. These models have enabled the estimation of the relative in vivo pairing rate constants for various mutations that affect RNA-IN/RNA-OUT pairing.
A second line of analysis was directed towards establishing correlations between the rate and the free energy of pairing. Using data for pairing mutants, I found a semi-logarithmic relationship between the calculated rate of pairing in vivo and the free energy of pairing for mutations mapping to the first three 5' nucleotides of RNA-IN and/or the complementary nucleotides in RNA-OUT. Interestingly, the slope of the best-fit line was close to −1/RT (R = 1.987 cal deg −1 mol −1 ; T = 310°K) Mutations mapping to other regions showed limited correlation between the pairing rate and the free energy of pairing. These results suggest that pairing of the three 5' nucleotides of RNA-IN is a rate limiting event and can be ascribed to the formation of a base-pairing nucleus.
Mutations in other regions of pairing can also have a significant effect on the degree of antisense repression. Specifically, some mutations mapping to the upper region of the RNA-OUT stem affect antisense repression almost as dramatically as the most defective loop mutants. One explanation for the effects of these mutations is that they cause a kinetic block to base-pair propagation, and stalled complexes accumulate to a significant extent en route to completion of pairing. Experimental data presented here however suggests that complex formation does not take place to any significant extent in vivo.
Instead, it appears that the effect of the mutations is to cause the dissociation of the stalled pairing complex.
Materials and Methods

  
LB and minimal A media are described by Miller (1972) . Ampicillin, tetracycline, lysozyme, dithiothreitol (DTT) and phenylmethylsulfonyl fluoride (PMSF) were purchased from Sigma. Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs.
  
The strain WM1 used for lacZ assays is recA56 arg − lacproXIII nal r rif r . Medium copy pBR-based antisense assay plasmids and isogenic mutant versions were made by cloning 510 base-pair EcoRI-Hind III DNA fragments containing the IS10 region from pNK2974 or its derivatives (Jain, 1995) into the pBR-based lacZ gene fusion vector pCJ249 (Jain, 1993) . The plasmids in this isogenic series are pNK2987 (89C), pNK2988 F. 1. IS10 antisense pairing reaction. Sequences of RNA-IN and RNA-OUT relevant to antisense pairing. The region of complementarity spans 35 nucleotides from the 5' end of RNA-IN and encompasses the initiation codon (boxed). RNA-OUT, which is transcribed from the opposite IS10 strand, is processed in vivo and accumulates mainly as a 69 nucleotide species. RNA-OUT is shown to adopt a stem-loop structure while RNA-IN is considered to be unstructured (Kittle et al., 1989) . The region of RNA-OUT defined as the upper stem in the main text is indicated. The base-pair numbering scheme is according to Halling et al. (1982) . The calculated free energy values of the unpaired and paired antisense RNAs are indicated.
(90A), pNK2989 (wt), pNK2990 (83A) and pNK2991 (82A), with the RNA-IN mutations bracketed using the regular IS10 numbering scheme (Halling et al., 1982) . Details of the plasmids are available on request.
b- 
WM1 competent cells were transformed with appropriate monomeric RNA-IN lacZ plasmids. Cell extracts were made by pelleting mid-log cultures grown in minimal A media, discarding the supernatant and re-pelleting. After removal of the last traces of supernatant, cells were resuspended in 100 ml of lysis buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 1 mM PMSF) and placed on ice. 2.5 ml of lysozyme solution (10 mg ml −1 ) was added and the cells were incubated on ice for 1 hr. Lysed cells were transferred to chilled microfuge tubes, spun at 14000 rpm for 30 min at 4°C, and the supernatant was used for lacZ assays (Miller, 1972) and for total protein assays (Stoscheck, 1991) . The b-galactosidase activities were normalized to the total protein concentration of the various samples.
Results
     
Antisense pairing between RNA-IN and RNA-OUT is a bimolecular reaction in vitro and it has been shown to proceed with second order kinetics (Kittle et al., 1989) . It is reasonable to assume that the mechanism of pairing in vivo will be similar to that in vitro. Assuming this to be the case, the key to developing a model for antisense pairing in vivo is to be able to relate the degree of translational repression observed in vivo to the second order pairing rate constant. Furthermore, since the magnitude of translational repression may be influenced by changes in RNA-IN stability and by changes in RNA-OUT concentration, such a model must be able to correct for variations in these parameters.
First, I consider a simple scheme for synthesis and decay of RNA-IN in vivo. The scheme in the absence of antisense repression is:
where p and k d denote respectively, the rate of synthesis and the first order rate constant for natural (ribonuclease mediated) decay of this message. Using the steady-state approximation,
where [RNA-IN] − is the steady-state concentration of the transcript. Assuming that the measurable activity (Act − ) due to the encoded protein is directly proportional to the concentration of RNA-IN,
where T is a proportionality constant related to the rate of RNA-IN translation. In practice, activity is defined in terms of the rate of transposition by the RNA-IN encoded IS10 transposase protein, or more conveniently, the activity of b-galactosidase (bgal) expressed from an RNA-IN-lacZ translational fusion. The expression of RNA-OUT in the cell adds a new pathway for RNA-IN functional decay (loss of translation proficiency). RNA-IN functional inactivation can now proceed either through antisense pairing or natural decay. It should be noted that not only is an RNA-IN/RNA-OUT duplex unlikely to allow translation per se, but formation of the duplex also leads to rapid cleavage by RNaseIII (Case et al., 1990) . The scheme for synthesis and decay of RNA-IN becomes,
where k pr is the in vivo second order pairing rate constant and [OUT] is the concentration of RNA-OUT. Under these conditions it can be shown,
where Act + is the transposition rate or the bgal activity under conditions of antisense repression. Using eqns (2) and (3) it is possible to calculate the multicopy inhibition ratio (MCI R ) which is defined as the ratio of the total activity under non-repressed conditions to the total repressed activity.
Equation (4) suggests that MCI R should vary linearly with RNA-OUT concentration. This relationship is testable because RNA-OUT mutants which affect the level of antisense control and the steady-state concentration of RNA-OUT have been isolated previously (Case et al., 1989) . Using data described therein, MCI R for such mutants has been plotted against the in vivo RNA-OUT concentration (Fig. 2) . A very good linear correlation between these two parameters is found (correlation coefficient = 0.98), supporting the proposed relationship between MCI R and RNA-OUT concentration in eqn (4). A similar linear relationship between the (1989) . MCI R data for wt RNA-OUT and RNA-OUT mutations described therein have been plotted against their relative in vivo RNA-OUT concentrations. In some cases MCI R was measured by two different assay procedures; for these mutations the average MCI R value from the two assays has been plotted as a single point. RNA-OUT mutants that reduce RNA-OUT levels to less than 3% of the wt RNA-OUT level have not been considered due to significant errors in measurement of low RNA-OUT concentrations. The RNA-OUT mutations that have been used are 52A, 53C, 55C, 61G, 67U, 97A, 107U and 109G. The primary effect of these mutations is on RNA-OUT concentration (Case et al., 1989) , although additional effects on antisense pairing cannot be ruled out. A best-fit straight line with a correlation coefficient of 0.98 has been drawn through the data points.
For these calculations, it has been assumed that k
, since these mutations map at or near the RNA-IN transcriptional start point, and the relatively small observed effects on RNA-IN expression in the absence of RNA-OUT are likely to be due to changes in transcription rather than message stability. Additionally, by using free energy parameters for RNA base-pairing (Turner et al., 1988) , the DG of pairing for wt or mutant antisense RNAs is estimated; since the analysis below considers only differences in free energy between the wt and mutant paired species, only DDG the difference in free energy for mutant vs. wt antisense species is tabulated.
Examination of the values of k and DDG for various mutations mapping to the loop region reveals an interesting correlation between k and DDG for mutations at bps 81, 82 and 83. Various mutations at these positions result in successively smaller values of k with increasing DDG. As shown in Fig. 3 , the relationship between ln k and DDG is approximately linear and a best-fit straight line drawn through these data points has a slope of approximately −1.1 mol/ kcal. This nature of the experimental data suggests that the free energy of base pairing of the three 5' nucleotides of RNA-IN determines the concentration of a reversible intermediate species (I) formed en-route to full base pairing as per the scheme shown below:
where, by invoking the standard thermodynamic relationship, DG = RT ln K d , the equilibrium constant is related to the free energy of pairing, DG pr of the first three base-pairs by,
and, considering the overall pairing rate for the bimolecular reaction, i.e., a linear relationship between ln k and DG with a theoretical slope of −1/RT, which is close to the experimentally determined slope of −0.7/RT for the best-fit line in Fig. 3 .
The finding that the free energy of first three base pairs from the 5' end of RNA-IN affects the rate of degree of antisense control and the level of antisense RNAs applies to many plasmid systems which encode antisense inhibitors of replication (Nordstrom, 1990) .
Using eqn (4), it is also possible to predict the pairing rate constants for mutant antisense RNAs relative to the wild-type (wt) antisense RNAs given MCI R and RNA-OUT measurements in the two situations. Specifically,
where k is defined as the relative pairing rate constant for any particular mutant.
       
It has been proposed that IS10 antisense pairing initiates by interaction of the 5' end of RNA-IN with the single stranded hairpin loop region of RNA-OUT ( Fig. 1 ; Kittle et al., 1989) . It is reasonable, therefore, to ask if the rate of pairing is influenced by the free energy of pairing for mutations mapping to the loop region. Previously, MCI R values for various RNA-IN or RNA-OUT mutants mapping to the loop domain of RNA-OUT were determined (Jain, 1995); these mutants are listed in Table 1 . Using eqn (5), the expected values of k for these mutants is calculated. pairing in a manner similar to one predicted on the basis of a theoretical model suggests that these base pairs are involved in the nucleation of base-pairing. Interestingly, earlier work on the association of simple, non-biological RNAs, i.e., oligoadenylic and oligouridylic acids leads to a similar conclusion as above: pairing of the first two or three base-pairs is a critical determinant of overall base pairing (Porschke & Eigen, 1971; Craig et al., 1971) .
In contrast to the behavior of the previous mutants, mutations at positions 84 and 85 do not lead to a systematic relationship between k and DDG. For example, an A-U to G-U mutation at position 84 results in no significant change in k, even though DDG is expected to increase by 1.4 kcal mol −1 (Table 1) . Even more surprisingly, A-U to stronger G-C changes at positions 84 and 85 lead to decreased values of k, the reverse of what is expected. Since the behavior exhibited by mutants at positions 84 and 85 is significantly different from mutants at positions 81-83, and follows no logical pattern, it seems reasonable to conclude that formation of a pairing nucleus does not require participation of bases at these positions. The failure of mutations at positions 84 and 85 to affect k in a manner that is correlated with DDG may be due either to the sequestration of these nucleotides into regions of secondary structure, or simply because interactions between nucleotides at positions 81 to 83 are sufficient for nucleation. It remains to be determined exactly how the mutations at positions 84 and 85 affect pairing, although one possibility is that these mutations affect the manner in which these bases stack on each other which is important for determining the rate of pairing propagation. Effect of mutations in RNA-OUT loop bases or complementary RNA-IN bases on MCI R and RNA-OUT concentration. The first column (System) denotes the type of plasmid antisense assay system used; systems 1 or 2, respectively refer to one or two-plasmid systems used for the in vivo antisense repression assay (Jain, 1995) . Briefly, a one-plasmid system expresses RNA-IN-lacZ and RNA-OUT from overlapping regions of DNA and was used to study the effect of complementary RNA-IN and RNA-OUT mutants; in the two-plasmid system, separate plasmids express RNA-IN-lacZ and RNA OUT, allowing the effects of non-complementary antisense mutations to be evaluated. The second column denotes the position of the mutations as well as the identity of RNA-IN and RNA-OUT bases at these positions. Mutant bases are shown in bold lettering. Relative expression of RNA-IN in the absence of antisense repression, MCI R values and in vivo RNA-OUT levels are taken from Jain (1995). The unrepressed bgal value for the wt RNA-IN plasmid is normalized to 1 (denoted by = 1), as is the level of RNA-OUT produced in vivo by the wt RNA-OUT plasmid. k is calculated using eqn (5) F. 3. Analysis of mutations mapping to the loop region of RNA-OUT. Using data from Table 1 the logarithm of k is plotted as a function of the estimated change in free energy of pairing for mutants affecting bp 81-83. The symbols corresponding to the different base positions are: bp 81, squares; bp 82, triangles; bp 83, circles. For mutations whose antisense defect was determined using both a one-plasmid system, as well as a two-plasmid system, the average value of k has been plotted. A best-fit straight line passing through the origin has been drawn by linear regression. It should be noted that DDG values have been calculated using empirical rules derived from linear sequences (Turner et al., 1988) and in the context of RNA-OUT loop sequences, the actual DDG values may be different. these situations can be modeled by invoking a post-nucleated complex (C) of RNA-IN and RNA-OUT which is stalled during propagation as described by the two-step pairing scheme below:
        
With the following assumptions: (i) the rate constant for formation of the complex, k 1 , is unaffected by non-loop mutations; (ii) formation of C, by itself, does not inhibit RNA-IN translation; (iii) the complex undergoes ribonuclease mediated decay at the same rate as RNA-
, by referring to the derivation of eqn (4) it can be shown that MCI R for the above scheme is
noting that translational activity in the presence of RNA-OUT is proportional to the sum of free RNA-IN and complex concentrations. Previously, pairing between wt RNA-IN and wt RNA-OUT was modeled as a one-step process and it was found that
. This is consistent with eqn (6) if k 2 , the rate of helical zippering, is much greater than the other rate constants in which case eqn (6) reduces to MCI R = 1 + k 1 [OUT]/k d , essentially the same form as eqn (4). However, for mutations conferring a propagation block and reduced MCI R , k 2 may no longer be the dominant term, therefore, (7) and, when the concentration of RNA-OUT is the same in both cases, Jain, 1995) .
A priori, it seems unlikely that mutations in the stem domain of RNA-OUT or complementary regions of RNA-IN should affect initiation of pairing, since formation of a stable nucleus requires formation of only a few base-pairs in the loop region and most stem mutations should neither change the structure of the antisense RNAs significantly, nor affect the accessibility of nucleating bases for each other, More likely, mutations in the upper stem reduce the rate of propagation of pairing so that translation inhibition due to antisense action is delayed and a reduced MCI R is observed. Alternatively, the inability of mutant antisense RNAs to propagate rapidly could lead to reversal of the pairing process and cause dissociation of the antisense RNAs; if this were the case, an increased average number of nucleation events would be required for complete duplex formation. Either of concentration according to eqn (4). The question arises whether this will be true for mutants mapping to the upper stem as well. Considering eqn (8) it can be seen that there are two extreme possibilities.
In the first situation, the dominant terms in the inequality (k mut 2 In the other extreme situation, the dominant term in the inequality (k mut 2
In this case, the dependence between MCI R mut and RNA-OUT concentration should no longer be linear.
To determine which of the two situations is true in vivo, the dependence between MCI R mut and RNA-OUT concentration was tested for two antisense mutations mapping to the upper stem region. Accordingly, MCI R values for upper stem mutants at positions 89 and 90, as well as control mutants mapping to the loop region were determined at two different levels of RNA-OUT. Using MCI R data for the higher RNA-OUT concentration, MCI R was estimated for the lower RNA-OUT concentrations based on the two situations considered above (Table 2 ).
For both of the upper stem mutations tested, the dependence between MCI R and RNA-OUT concentration was found to be approximately linear, in a manner similar to the loop mutants (Table 2 , model 1). These MCI R values were significantly different from those predicted had the dominant term in the denominator of eqn (8) been RNA-OUT dependent (Table 2 , Model 2). These findings imply, k mut 2
, i.e., the sum of the RNA-OUT independent kinetic terms are significantly greater in magnitude than the RNA-OUT dependent term over the range of in vivo RNA-OUT concentrations used here.
Furthermore, as the concentration of RNA-IN and the complex are related by the steady-state relation,
, the results of this analysis imply that the steady-state concentration of the complex is always small as compared to the concentration of RNA-IN. Therefore, it appears that the complex is a transient species and does not accumulate to an appreciable extent in vivo even for mutants which significantly impair pairing. It may be inferred that the reason why upper stem mutants reduce MCI R is because they increase the probability that the complex will dissociate quickly into its component RNAs instead of proceeding to the fully paired state. These results contrast with the possibility that upper stem mutations cause stalling and lead to an accumulation of the complex followed by slow isomerization into the fully paired product. Effect of varying RNA-OUT levels on the degree of antisense inhibition. The position of the mutations in RNA-IN and RNA-OUT are indicated in the first column. MCI R data and RNA-OUT levels for high-copy wt or mutant antisense constructs are taken from Jain (1995). Medium-copy antisense plasmids containing an RNA-IN-lacZ fusion as well as an intact RNA-OUT region were made by cloning the relevant wt or mutant IS10-lacZ region from high-copy plasmids (Jain, 1995) into the medium-copy pBR322-based lacZ fusion vector, pCJ249 (Jain, 1993) . MCI R for medium-copy plasmids is the ratio of the non-repressed to repressed bgal activity. RNA-OUT levels were measured using quantitative primer extension assays and normalized to the level of RNA-OUT expressed from the wt high-copy plasmid in vivo. Predicted MCI R values for the stem mutants are based on data from high copy plasmids and are extrapolated to the lower level of RNA-OUT expression of medium-copy plasmids using eqns (7) and (8) 
Discussion
The study of natural antisense systems can be pursued either in vitro or in vivo. Although in vitro studies allow precise control over variables affecting antisense pairing, to understand the biologically relevant situation requires in vivo studies. The main objectives of this work have been to develop models for pairing in vivo, to verify key aspects of these models, as well as to arrive at new insights about the mechanism of IS10 antisense pairing in vivo.
How accurately do the models proposed here describe the in vivo situation? Although some of the proposals made here will remain untested until more systematic analysis is undertaken, others are reasonably well supported by experimental data. For example, the correlation between MCI R and RNA-OUT concentration is found to be linear as predicted [eqn (4) and Fig. 2] . Additionally, by eqn (4), the determination of MCI R and the RNA-OUT concentration in vivo should allow the in vivo pairing rate constant, k pr to be evaluated. Using dot-blot analysis, I have determined the concentration of RNA-OUT in cells containing a wt high copy IS10 plasmid ( ; Kittle et al., 1989) , which also suggests that the kinetics of IS10 antisense pairing in vivo is not significantly affected by cellular factors.
Analysis of results obtained in vivo indicate that the 5' region of RNA-IN is involved in nucleation of base pairing with RNA-OUT. A similar proposal was made by Kittle et al. (1989) and was based primarily on analysis of pairing in vitro. Mutations in the loop domain of RNA-OUT, and the complementary 5' region of RNA-IN decrease MCI R in a manner that is strongly dependent upon the free energy of base pairing between the first three 5' bases of RNA-IN and their complementary bases of RNA-OUT (Fig.  3) . These observations indicate the formation of a reversible pre-equilibrium intermediate involving pairing interactions between complementary sequences, with the overall rate of formation of the fully paired species dependent upon the concentration of this intermediate. In contrast, mutations at the other two positions of the RNA-OUT loop also affect pairing, but the magnitude of the effect is significantly smaller and seems unrelated to the free energy of pairing. Therefore, it seems unlikely that the latter two nucleotide positions play an important role in the initiation of pairing.
Mutations in the upper stem region of RNA-OUT have also been analysed here. For such mutations, by assuming the formation of an intermediate complex en route to complete pairing, I have modeled the pairing reaction as a two-step process, and appropriate equations relating MCI R to the RNA-OUT concentration have been derived. Experimentally, MCI R for these mutations shows a similar linear dependence with RNA-OUT concentration as is observed for the wt antisense RNAs. Such a relationship suggests that the effect of the mutations is to create situations that favour dissociation of the complex back to its component RNAs. Therefore, these mutations likely affect MCI R by decreasing the probability that a duplex initiating event will lead to a fully paired state, and increasing the average time needed, at any RNA-OUT concentration, for full duplex formation to occur.
Further evidence which indicates that complex formation does not take place to any appreciable extent was provided by assessing whether the severely defective RNA-OUT upper stem mutant, 89C, could act as a competitive inhibitor of antisense pairing. The mutant RNA-OUT species, also known as mci-1 (Kittle et al., 1989) , is severely defective for antisense action, and represses wt RNA-IN only 1.3-fold even when expressed from a high copy pUC-based plasmid (unpublished data). Co-expression of mci-1 RNA-OUT at high levels in a strain that expresses low levels of wt RNA-OUT resulted in no change in the measured MCI R (MCI R = 5 with or without expression of mci-1 RNA-OUT). If mci-1 RNA-OUT were able to form slowly propagating complexes with RNA-IN, it would have been expected to competitively inhibit wt RNA-OUT pairing with wt RNA-IN, and in this example, result in a calculated MCI R of 1.3-1.4. The negative result obtained here is consistent with the above proposal that RNA-IN and RNA-OUT upper stem mutants lead to rapid reversal of the nascent paired species into component RNAs, rather than cause trapping of the antisense RNAs into a slowly pairing complex. It should also be noted that although lower stem mutants have not been analysed in this work, the models proposed for upper stem mutations should be equally relevant for studying lower stem mutations.
In conclusion, the analysis presented here enables a ''state of the art'' understanding of the IS10 pairing pathway to be envisaged. The first step (nucleation) likely involves interactions between the first three 5' nucleotides of RNA-IN and complementary RNA-OUT sequences which map to the loop domain. This interaction is critically dependent upon the free energy of base-pairing interaction, and mutations at these positions have debilitating effects on the overall rate of pairing. Following nucleation, it is likely that two more base pairs are quickly formed between RNA-IN and the remaining complementary bases in the RNA-OUT loop. Mutations at these latter positions have small effects on the overall pairing rate which seem to be independent of DG. The next set of events consists of a series of unit steps in which (mostly) intramolecular base pairs in the RNA-OUT stem are broken and replaced with RNA-IN/RNA-OUT base pairs (Fig. 1) . This process continues until formation of the complete duplex has occurred. It appears that this process is rapid, possibly due to the location of strategically located G-U pairs and mismatches in the RNA-OUT stem; pairing with RNA-IN at these positions releases negative free energy and drives the pairing reaction forward (Jain, 1995) . Mutations in the stem disrupt the strand exchange process, most likely by causing a block to propagation just prior to the site of the mutation. This is expected to cause the transient formation of a stalled complex. However, the results presented here suggest that the stalled complexes are not very stable and redissociate into the component RNAs, instead of accumulating and slowly proceeding towards complete duplex formation. Thus, it appears that the effect of upper stem mutations is to ultimately cause an increased number of initiation events before complete and virtually irreversible formation of a duplex can be achieved.
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